ABSTRACT-The effects of platelet-activating factor (PAF) antagonists on the agonist-induced increase in cytosolic free calcium concentration, [Ca 2+]i, in human vascular endothelial cells grown in monolayer were investigated by a continuous su perfusion technique using a calcium fluorescent probe, fura-2. PAF caused a small but dose-dependent increase in [Ca 2+];. Seven structurally dissimilar PAF antagonists dose-dependently suppressed the peak response, among which WEB 2086 was the most potent, followed by WEB 2170 > FR 900452 ONO 6240 > BN 52021 kad surenone CV 3988. These antagonists except for CV 3988 were specific for PAF, since they had no effects on calcium mobilization induced by thrombin or histamine, while CV 3988 had a non-specific effect. PAF in the same range of concentration in creased prostacyclin release from human endothelial cells. WEB 2086 also inhibited the PAF-induced prostacyclin release, while it had no effect on the release induced by histamine and thrombin. These results demonstrate the specificity and dose-response characteristics of PAF antagonists in cultured human endothelial cells and suggest that a PAF antagonist could be a valuable therapeutic agent in certain human diseases where PAF activation of endothelial cells may have a critical role.
Platelet-activating factor (PAF) is an ether phospholipid with diverse and potent biologi cal activities suggesting an important role in a variety of pathophysiological conditions such as acute inflammation, endotoxic shock and acute allergic diseases (1) . The interaction of this lipid mediator with vascular endothelium could be important in vascular diseases, since the endothelium plays an important role in hemostasis and in the modulation of vascular tone and permeability (2) . Several reports in dicate a direct agonistic action of PAF on vascular endothelial cells in culture. PAF in duces a dose-dependent synthesis of prostacy clin (3) , and it alters the molecular organiza tion of cytoskeletal proteins that control en dothelial permeability (4) in cultured human endothelial cells. In bovine pulmonary artery endothelial cells, PAF induces significant al teration in morphology as well as metabolic functions such as phosphoinositide turnover, -adrenergic receptor adenyl ate cyclase sys tem, and prostacyclin and thromboxane re lease (5) . PAF also induces alterations in cal cium fluxes in cultured endothelial cells (6, 7) .
Since the initial description of CV 3988 as a selective PAF receptor antagonist (8) , a large number of compounds have been reported as selective PAF antagonists (1) . These com pounds have been evaluated primarily on the basis of inhibition of PAF-induced platelet aggregation or [3H]-PAF binding to platelets. However, despite the multiple functional re sponses evoked by PAF in endothelial cells as described above and possible therapeutic advantage of the antagonists, few studies have been made to evaluate the potency of PAF antagonists in endothelial cells. In a previous report, we showed that PAF increased cytoso lic free calcium concentration, [Ca 21] i, in hu man endothelial cells cultured in monolayer by a continuous superfusion technique using a calcium fluorescence dye, fura-2 (9) . An in crease in [Ca 21] i is an essential initial event coupled to cell activation. Therefore, in the present study, the potencies of seven structur ally dissimilar PAF antagonists were evaluated by measuring PAF-induced increase in [Ca 2+]i to determine if PAF antagonists primarily re ported and characterized with respect to platelet aggregation are also effective and spe cific in human endothelial cells.
MATERIALS AND METHODS

Culture of human endothelial cells
Human endothelial cells were isolated from umbilical cord veins and cultured essentially as described previously (10) . Briefly, cells were collected by 0.1% collagenase treatment, seeded onto coverglasses (8 X 16 mm) and grown until confluence (3 5 days) in Ham's F-12 culture medium supplemented with 15% heat-inactivated fetal bovine serum, 1% Ultrosel G, a serum substitute, penicillin (50 U/ml) and streptomycin (50 ,u g/ml).
Measurement of cytosolic free calcium concen tration
The cytosolic free calcium concentration, [Ca 2+]i, of human endothelial cells grown in monolayer was measured by a continuous su perfusion technique as described previously (9, 11) , using a fluorescent calcium indicator, fura-2/AM (12) . During the measurement procedure, endothelial cells loaded with fura-2 were continuously superfused with Hanks' bal anced salt solution (pH 7.4, HBSS) containing 10 mM HEPES and 0.1% bovine serum albu min (BSA) at the rate of 1 ml/min. When PAF antagonists were used, cells were con tacted with the antagonist for 3 min prior to and during the PAF stimulation. The fura-2 fluorescence was monitored by a fluorescence spectrophotometer (Hitachi F-4000, Japan) coupled to a microcomputer (NEC PC-9801, Japan), which was programmed to shuttle be tween the two excitation wavelengths of 340 and 380 nm while keeping the emission wavelength of 505 rim. Rm;n, the minimum fluorescence ratio, was measured by adding 10 ,u M ionomycin followed by perfusion with calcium-free HBSS containing 1 mM EGTA to chelate free calcium. Rmax, the maximal ratio, was obtained by exposing the cells to 0.05% Triton X-100 with a temporary stop in the perfusion, thus permeabilizing the cells to cal cium and ensuring that essentially all fura-2 was complexed with calcium. The cells were finally superfused with 0.05% Triton X-100 to obtain the autofluorescence. After the subtrac tion of autofluorescence, [Ca 21]i was calcu lated as described by Grynkiewicz et al. (12) based on the equation:
[Ca 2+]; = Kd(R Rmin)/(Rmax R)(Sf2/Sb2) and assuming the Kd of the Ca 2+-fura-2 in teraction to be 225 nM in the cytosolic en vironment (12) .
Measurement of prostacyclin
Endothelial cells grown to confluence in 24 well culture plates (Primaria, Falcon, U.S.A.) were washed 3 times with 0.5 ml of the Hanks' solution. Cells were then incubated for 10 min at 37°C without (control) or with different concentrations of PAF in a total volume of 0.4 ml of the buffer. When a PAF antagonist was used, cells were contacted with the antagonist for 3 min prior to and during the PAF stimula tion. At the end of the experiment, cell num bers in the selected wells were counted in a haemocytometer after trypsin digestion. Pros tacyclin released into the incubation medium was determined by radioimmunoassay as its stable metabolite 6-keto-PGFla (13).
Aggregation of washed rabbit platelets
Blood was collected from the central ear artery of unanaesthetized adult male rabbits and immediately mixed with EDTA (5 mM, final concentration).
Platelet-rich plasma (PRP) was obtained by centrifugation (20 min at 500 X g) at room temperature and further centrifuged for 15 min at 1,500 X g to obtain the platelet pellet. Platelets were resuspended in calcium-free Tyrode buffer (137 mM NaCI, 2.6 mM KCI, 0.4 mM NaH2PO4, LO MM MgCl2, 5.6 mM glucose, pH 6.5) containing 0.25% BSA, 10 mM HEPES and 0.2 mM EGTA, washed twice with the same buffer, and counted using a Celltac Counter (Nihon Kohden MEK-4150, Japan). Platelets were finally resuspended at a concentration of 5 X 108 platelets/ml in the Tyrode buffer (pH 7.4) containing calcium (1.3 mM) and no EGTA and kept at room temperature. The aggrega tion study was carried out at 37°C using an aggregometer (Chronolog C-440, U.S.A.). Aggregation responses were allowed to de velop until a maximum change in light trans mission occurred. Antagonists were added to the cuvette 1 min before the addition of PAF.
Materials
PAF (1-O-hexadecyl-2-acetyl-sn-glycero-3 phosphocho line), bovine serum albumin (BSA, fatty acid-free) and bovine thrombin were obtained from Sigma, U.S.A.; ionomy cin, from Calbiochem, U.S.A.; HEPES and fura-2 acetoxymethyl ester (fura-2/AM), from Dojin, Japan; collagenase (Clostridium histoly ticum) and histamine dihydrochloride, from Wako, Japan; Hanks' balanced salt solution, Ham's F-12 culture medium, fetal bovine serum, penicillin and streptomycin, from Gib co, U.S.A.; Ultroser G, from IBF, France. 
Okamoto, Fujisawa Pharmaceut. Co., Ltd., Japan. The structural formulas of these PAF antagonists are shown in Fig. 1 .
[3H]-6-Keto PGFIa was purchased from NEN, U.S.A. The standard compound 6-keto-PGFI0 and its anti serum were kindly provided by Ono Phar maceut. Co., Ltd., Japan. PAF was dissolved in physiological saline containing 0.25% BSA at a concentration of 10 mM and stored at -20°C. Kadsurenone and BN 52021 were dissolved in dimethylsulfo xide (DMSO) at a concentration of 20 mM and stored at -20°C. FR 900452 was dissolved in ethanol freshly on the day of experiment. Final concentration of DMSO and ethanol never exceeded 0.3%, which had no effects on [Ca 2+]i change. Other PAF antagonists were dissolved in physiological saline. These stock solutions were diluted to the desired concen trations with the incubation buffer before use.
Statistical analyses
Results were expressed as means ± S.E.M. Student's t-test was used to determine the sig nificance of difference between means, and P values less than 0.05 were considered to indi cate a significant difference. 
RESULTS
Changes in [Ca2+] of human endothelial cells in response to PAF, thrombin and histamine As illustrated in Fig. 2 , PAF induced a rapid and transient elevation in [Ca 2+]i in hu man umbilical cord vein endothelial cells, which was maximal by 1 min after the stimula tion and returned progressively to the basal level within the next 3 4 min. This calcium mobilizing effect was dose-dependent, and the threshold concentration of PAF was 0.1-1 nM, depending on the batch of cells. The maximal response was observed with 100 nM PAF, which caused a significant increase in [Ca 2+]i from the basal level of 31.9 ± 3.5 to the peak of 85.4 ± 10.2 nM (mean ± S.E.M., n=8).
Thrombin (0.001-1 U/ml) and histamine (0.01-10 ,u M) also produced a rapid and concentration-dependent increase in [Ca2+];. However, the peak [Ca 2+]i elevations in re sponse to these agonists were of much higher intensity as compared to those induced by PAF. In addition, no return of [Ca 2+]i level to the prechallenge value was observed with higher concentrations of thrombin and hista mine (Fig. 2) . Table 1 .
Six of the tested antagonists induced no change in the resting [Ca 2+]i level at the con centration used, and only FR 900452 caused a decrease in basal [Ca 2+]i value at concentra tions higher than 3,uM. The effect of FR 900452 seemed to be a physico-chemical effect because this compound caused a quenching of the fluorescence of fura-2 excited at a wave length of 340 nm. Therefore, the effect of this antagonist higher than 3 ,u M was not evalu ated.
Also, none of the compounds: WEB 2086, WEB 2170 and FR 900452 at a concentration of 1 pM, ONO 6240 at 10 ,uM, BN 52021 and kadsurenone at 100 pM, and CV 3988 at 30 ,uM suppressed the peak responses of [Ca 2+]i induced by 0.01 U/ml thrombin and 0.1,uM histamine, which significantly increased the [Ca 2+]i level from the basal levels of 35.8 ± 3.9 nM and 38.2 ± 4.5 nM to the peak levels of 204.7 ± 30.3 nM and 189.6 ± 20.5 nM (n = 4) , respectively. However, as illustrated in Fig. 5 , CV 3988 (30,uM) caused a disappear ance of the sustained phase following the rapid peak response in [Ca 2+], change observed with a higher concentration of hista mine (1 and 10 pM) without the effect on the rapid peak response, while the other antago nists did not. Table 1 As demonstrated in Fig. 7 , the PAF an tagonist WEB 2086 showed a dose-dependent inhibitory effect on prostacyclin release in duced by 100 nM PAF with an IC50 value of 44.2 ± 8.1 nM (n = 4, in triplicate). Hista mine at a concentration of 0.1 u M and throm bin at a concentration of 0.01 U/ml signifi cantly stimulated prostacyclin release from 0.05 ± 0.01 to 0.66 ± 0.05 and 1.89±0.11 Fig. 5 . Effect of CV 3988 on histamine-induced calcium mobilization in human endothelial cells. Cells were stimulated with 10,uM histamine (arrows), and 30 pM CV 3988 (closed circle) was added 3 min prior to the stimulation. Note that CV 3988 caused a disappearance of the sustained phase following the rapid peak response. [Ca 2+]i levels at 5 min after histamine challenge were 273.2 and 69.3 nM for non-treated and CV 3988-treated cells, respectively. The result is a representative of three experiments, and the other ex periments using different batches of cells showed a similar result. ng/105 cells (mean ± S.E.M. of a representa tive experiment measured in triplicate), re spectively. WEB 2086 at a concentration of I ,uM, which completely inhibited PAF-induced prostacyclin release, caused no significant in hibition of prostacyclin release induced by these vasoactive agents (data not shown).
Effects of PAF antagonists on platelet aggrega tion PAF caused a concentration-dependent aggregation of washed rabbit platelets, with the mean maximum increase in light transmis sion of 80.1 ± 3.5% (n = 8) induced by 10 nM PAF. The effect of antagonists on PAF-in duced platelet aggregation was evaluated using submaximal 1 nM PAF, which caused a 73.8 ± 1.1% (n = 8) increase in light transmission. All PAF antagonists used in the present study inhibited PAF-induced aggregation in a concentration-dependent manner, and the IC50 values obtained are presented in Table 1 . The rank order of potency was found to be WEB 2086 > WEB 2170 > ONO 6240 > FR 900452 > kadsurenone > BN 52021 > CV 3988.
DISCUSSION
In a previous report, using the calcium fluorescence dye fura-2 (12), we showed that PAF increased cytosolic free calcium concen tration in human endothelial cells cultured in monolayer mainly by discharging calcium from its intracellular stores (9) . In the present study, the potency of PAF antagonists on the agonist-induced endothelial cell activation was assessed by evaluating PAF-induced calcium mobilization, an early event coupled to cell activation. The PAF antagonists used in this study are as follows: PAF analogues, CV 3988 The existence of subtypes and species differ ence of PAF receptor has been recently pro posed based on the differences in the potencies of the antagonists (20 22) . Here, while the rank order of potencies of the antagonists was similar for the two cell types when analyzed by linear regression analysis (r = 0.95, P < 0.001), the relative potencies of the antago nists between these cell types were much dif ferent. This might suggest a possibility that some antagonists would be more potent against endothelial cells and some more potent against platelets. However, this particular problem may require more precise study obtaining pA2 values, because the apparent potencies of antagonists as measured by IC50 values are highly dependent on the agonist concentration. In the present study, PAF has been used at 100 nM in endothelial cells but at 1 nM in platelets; in addition, other different conditions have been employed such as BSA concentration, antagonist preincubation, an tagonist superfusion, etc. As emphasized by O'Donnell and Barnett (23) , the valid com parison of antagonist potencies should be directly made with the pA2 values. In the pres ent study, no attempt was made to establish the pA2 values because of the insufficient number of primary human endothelial cells.
Histamine and thrombin induced a dose-de pendent and marked increase in [Ca 2+]i of hu man endothelial cells cultured in monolayer. The specificity of PAF antagonists were evalu ated against the responses to histamine and thrombin at the supra-threshold concentrations producing changes in [Ca 2+]i. All antagonists were found to be specific PAF antagonists in human endothelial cells, since these com pounds did not inhibit calcium mobilization in duced by histamine or thrombin. However, CV 3988 seemed to have a nonspecific effect on calcium mobilization, since it was observed that this compound (30,uM) caused a dis appearance of the sustained phase following the maximal change in [Ca 2+]i level induced by high concentration of histamine, while it had no effect on the rapid peak response. A previous study showed that lyso PAF, a deacetylated metabolite of PAF, was unable to induce calcium mobilization, and that PAF caused a rapid and homologous desensitization of the PAF response (9) . Together with these results, the present study support the idea that PAF-induced calcium mobilization is mediated via specific membrane receptors on human endothelial cells; and furthermore, the present results indicate that the mechanism of action of PAF antagonists is due to the ability of these compounds to block PAF binding and hence suppress PAF-induced calcium mobiliza tion. The presence of specific PAF receptors on human endothelial cells is further suggested by a binding study demonstrating the presence of specific binding sites for [3H]-PAF (24) .
The present study further demonstrated that PAF in the same concentration range inducing the intracellular calcium mobilization also stimulated prostacyclin release. The maximal [Ca 2+]i response induced by PAF in human endothelial cells was observed 1 min after the stimulation, while prostacyclin release reached the plateau by 10 min, indicating that the cal cium mobilization preceded the mediator re lease. Therefore, the PAF-induced increase in Finally, it should be mentioned that the [Ca 2+]i in resting human endothelial cells cali brated in the present study (34.5 ± 3.9 nM, n = 16) is less than half of the level reported by other workers (around 100 nM) in these cells loaded with fura-2 or quin-2 (25, (27) (28) (29) . However, it should be noted that the value of [Ca 2+]i derived from the equation of Grynk iewicz et al. (12) is not absolute, because it has been reported that the Kd value is variable according to the ionic strength, pH, magne sium concentration, and the concentration of cytosolic proteins (30, 31) . Moreover the vis cosity affects the fluorescent intensity (31, 32) . All these factors in the cytosolic environment might not be constant but vary as a function of [Ca 2+1i. In addition, while a homogeneous and selective distribution of fura-2 dye in the cytosol is a prerequisite for accurate measure ment of [Ca 2+]i, fura-2 fluorescence has been shown to be localized to the mitochondria in endothelial cells (33) , a fact which might affect Rmax and Rmin values. In the present study, we calibrated [Ca 2+]i using Rmax and Rmin de termined for each cell preparation in situ. When, however, Rmax and Rmin values deter mined in fura-2 dye standard solution contain ing saturating Ca 2-1 (1.3 mM) and Ca 21 -free with EGTA, respectively, were used, the rest ing [Ca 2+]i was calculated to be 84.8 ± 4.3 nM (n = 8). Although several explanations might be possible for this difference, it would not affect the conclusions of the present study. Most importantly, despite the low resting [Ca 2+]i value, the changes of [Ca 2+]i caused by vasoactive mediators and the PAF antago nists were dose-dependent and reproducible.
In conclusion, the present study demon strates the specificity and dose-response charac teristics of seven structurally dissimilar PAF antagonists in cultured human endothelial cells, and it suggests that PAF antagonists could be a valuable therapeutic agent in cer tain human diseases where PAF activation of endothelial cells may have a critical role. These data should assist their use for evaluat ing the potential role of PAF in vascular pathophysiology and the potential of the an tagonists as therapeutic agents.
